A time-cost effective, chemically stable mesoporous resin (FSG-PAN), simultaneous binder of two different metal centers (both high (Cd(II)) and low (Tl(I)) oxidation states), has been synthesized by immobilizing azo-dye (1-(2-pyridylazo)-2napthol: PAN) on functionalized silica gel (FSG). Its corresponding synthesized nano material possesses good luminescent properties, and has been utilized in fluoride sensing at trace levels (1.8 × 10 -6 -7.2 × 10 -6 M). The composition ({Si[OSi]p=4[H2O]x=0.81}12[-Si(CH3)2-NH-C6H4-N=N-PAN]4.·51H2O) and structure (tetrahedral) have been well assessed. Under the optimum extraction conditions, the soft extractor (ηFSG-PAN = 1.31 eV), FSG-PAN quantitatively extracts the soft metal centers Cd(II), followed by Tl(I) at its respective HOMO and LUMO by soft-soft interactions. The extractor possesses a high Brunauer-Emmett-Teller (BET) surface area (SABET) (374 m 2 g -1 ), high preconcentration factor (PF, 192), selective pore size and two kinds of break-through capacity (BTCHOMO, 945 μmol g -1 ; BTCLUMO, 120 μmol g -1 ). BTC is spelled out as a function of the electron density over the ligand binding site as analyzed from a DFT calculation.
Introduction
The matrix effect has a serious implication on the sophisticated instrumental method of analysis. 1, 2 Rather than others, [3] [4] [5] [6] the most promising, solid phase extraction (SPE) has recently been used for the preconcentration and separation of metal ions 7 owing to its unique selectivity, eco-friendliness, simplicity, and time-cost effectiveness. [8] [9] [10] A solid-phase (SP) extractor, silica gel (SG) has a poor selectivity and irreversible nature of binding with metal ions; it works at high pH (>7.5), where it becomes hydrolyzed. 11, 12 Thus, functionalized SG (FSG) with greater selectivity is a necessity. 7, 13, 14 It is obtained by either coating a high molecular mass liquid cation exchanger (HMMLCE) on silanised SG, 9, 13 or by the formation of covalent siloxanes (Si-O-Si) (denoted as grafting) 15, 16 through a suitable grafting component (viz. 3-aminopropyltrimethoxysilane, 11 3-mercaptopropyltrimethoxy-silane, 17 allyl-, 18 methallyl-, 19 vinylsilane, 20 isocyanosilane 21 hydrosilanes 16 etc.) . After that, a selective chelating agent (e.g., 1,5-bis(di-2-pyridylmethylene) thiocarbonohydrazide (DPTH), Xylenol orange (XO), Eriochrome black T (EBT), PAN etc.) is chemically immobilized on such grafted material. 15, 16 However, the cross-linking activity of the bridging component increases the size of FSG, and its surface activity was turned down to a moderate level. 11 Moreover, such a type of siloxane synthesis either required complicated steps under stringent reaction conditions (refluxing, 24 -90 h; starring; very high or low temperature; repetitive filtrations; inert atmosphere; vacuum; costly and hazardous chemicals), 8, 11, 17, 22 or needs very strong Lewis acids (like B(C6F5)3 in the hydrosilylation reaction) 16 or transition/noble metals [18] [19] [20] as a catalyst. Such extractors having HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) at the same spatial location are able to bind metals either at high or low oxidation states (OS) using their HOMO and LUMO operative on the same metal center. 23 In our laboratory, a time-cost effective ion-exchange mesoporous material (FSG-EBT) has been synthesized. 24 Spatially well separated HOMO and LUMO of this hard base (ηFSG-EBT = 7.14 eV) was successfully utilized for the simultaneous extraction of Zr(IV) (high OS) and Tl(I) (low OS). The sorption of Tl(I) urgently needs hard acid centers, like Th(IV) or Zr(IV), as its counterpart, but fails for soft acid centers and chemically toxicant congeners, like Zn(II), Cd(II), Hg(II). Thus, in the present research, a soft base (ηFSG-PAN = 1.31 eV), an ion exchanger (FSG-PAN) comprised of spatially well-separated HOMO and LUMO to extract simultaneously both Cd(II) and Tl(I) (the high and low oxidation state) was synthesized by chemically immobilizing PAN on FSG (Scheme 1). The analytical applicability of FSG-PAN (ηFSG-PAN = 1.73 eV) has been rationalized with Cd(II) for two reasons: 1) Cd(II) (ηCd(II) = 10.29 eV) is a soft metal. It becomes much softer as a aqua complex ( η [Cd4(H2O)6(OH)4] = 5.54 eV) at pH 8 -9, where FSG-PAN becomes deprotonated, and extracts it by a soft-soft interaction. 23 2) Industrial activities create Cd(II) contamination, 25 which reaches to the receptors through the food chain 26 thereby (biological T1/2 =10 -30 years) causing itai-itai.
Exploiting the bifunctionality Cd(II) has been effectively separated, but the sorption kinetics was enormously slow (required 24 h for equilibration), regeneration (1 M HCl/ HNO3), and the synthesis (11 h digestion over 150 C) requires stringent condition. 27(a-d) Although several researchers are working with luminescent supramolecular network 28, 29 and metal-organic frameworks (MOF) 30, 31 for their potential applications in catalysis, gas storage, drug delivery and sensing; inorganic-organic frameworks are indeed scanty, particularly in fluoride sensing. The toxicant is of high concern and attracting mounting interest in the scientific community due to its duplicitous nature (used in the human diet, but, recently it has been accused of several human pathologies). 32 It is well-known that Fis present in many hypnotics and also in psychiatric drugs. 33 However, its presence in excess amounts in the human body is responsible for ill-effects, like osteoporosis, osteoarthritis, fluorosis and immune system disruption. 34 Its luminescent properties henceforth also merit mention for trace level (0.94 -7.5 ppm) fluoride sensing. The earlier developed fluoride sensors mainly worked with one of the following strategies, such as anion-π interactions, hydrogen bonding, 35(a,b) irreversible cleavage of O-Si bond 36(a,b) and Lewis acid-base interaction. 37(a,b) These methods have disadvantages, like (a) the formation of a B-F bond in tricoordinated organoboron, which has interference of cyanide and (b) the interference of fluoride assisted cleavage of Si-O bond by thiols. 31 Here, such types of interferences have been overcome in present protonationdeprotonation strategies involved in the -NH-phenyl moiety. FSG-PAN contains a -NH proton in its molecular network, which is attackable by Fthrough hydrogen bonding, a recognized reaction pathway in Fsensing. 33, 34, [38] [39] [40] [41] 
Experimental
Instrumentation and reagent and chemicals: see Files S1 and S2 (Supporting Information). SG (A) (60 -120 mesh) and m-nitroaniline (B) were taken in toluene in a round-bottom flask, and DMDCS (C) was added slowly at 300 K. m-Nitroaniline (NA) binds with SG through DMDCS with the formation of Si-O-Si(Me)2-NH-C6H4NO2 bonding (D) by an instantaneous reaction. Subsequently, diazo salt (functionalized silica gel: FSG) (E) was made by using a literature method. Finally, the FSG-PAN (F) was synthesized by a diazo coupling reaction 42 between PAN and FSG. The synthesized resin (deep brown) was sequentially washed with 8 M HNO3, followed by distilled water. It was dried at room temperature until a constant weight. The whole synthesis (Scheme 1) requires only 45 -60 min. Each column containing the exchanger could be used for at least 500 -1000 cycles without any significant loss of its exchange capacity. In order to assess the utility and effectiveness of the method, different FSG and FSG-X (resins) were synthesized by using respective nitroaniline (NA's) and azo-dye (X's) (Table S1 ). In most cases, the yields were found to be quantitative. In a similar methodology, the corresponding nanomaterial has been synthesized using nano silica gel (10 -15 nm) as a precursor.
Characterization of the synthesized material
To examine the thermal stability and probable composition of FSG-PAN by TGA-DTA and EDAX, an analysis was performed (Fig. S1). The particle size and surface activities were investigated by SEM, TEM and BET analysis. The proposed structure of the ion-exchange material was optimized by the DFT method (File S3). The global hardness of the extractor was determined from the energy of the optimized HOMO-LUMO structures. The UV-visible spectrum was taken to assess the intramolecular hole and electron transfer. The FT-IR (DFT) spectrum of the ion-exchange material was compared with the experimental FT-IR. The NMR spectrum of the corresponding nano material was analyzed in d6-DMSO for characterizing the resin. XRD analysis was performed to establish the structural identity of the material.
Analytical explicabilities of the synthesized resin
Systematic studies on luminescence properties. A set (seven) of a fluorescence sample solution in DMSO was prepared by dissolving nano FSG-PAN. The fluorescence spectra of nano FSG-PAN in DMSO were recorded on a Perkin Elmer LS-55 spectrofluorometer at varying concentrations (0.625 × 10 -6 -5 × 10 -5 M) of the probe.
Considering the analytical applicability, a set of fluoride samples (amid several other ions) at its natural contamination concentrations (1.8 × 10 -6 -7.2 × 10 -6 M) was prepared. The fluoride sensing abilities of the probe at its fixed concentration (0.625 × 10 -6 M) was investigated over the natural range of fluoride concentrations, 1.8 × 10 -6 -7.2 × 10 -6 M. NMR titration was performed to ascertain the involvement of the -NH proton for fluoride uptake. A living cyan bacterium is a natural absorber of fluoride. Its trace level (1.8 × 10 -6 M) detection in cyan bacterium (phormidium luridum) in vivo was thus made. The cyan bacterium cells from exponentially growing culture in a BG11 broth medium (~pH 6.0 and an incubation temperature of 27 C) (cell preparation: File S4) were washed carefully in a 0.1 M HEPES buffer (~pH 7.4). The cells after staining with nano FSG-PAN (used as a control) were exposed to a few μmol of Fand incubated for 10 min. Fluorescence micrographs of the stained cells treated with Fwere taken to observe its effect on the fluorescent pattern obtained for the control. Systematic studies for sample clean up. In real samples (ore, alloy and industrial effluents), Cd(II) exists in large volume of low concentration amidst several other ions prevalent within the range of their natural contamination. It needs an appropriate selective condition for extraction on an adsorbent, followed by
its selective elution by using an eluent of small volume so as to have the analyte in an enriched state. Keeping this in mind, systematic studies concerning the sorption of Cd(II) on FSG-PAN have been performed by both batch and column methods. Adsorption isotherm (batch) . Systematic studies on the contact time-adsorption relationship (adsorbent, 0.25 g; [Cd(II)], 2.25 × 10 2 -4.5 × 10 2 μM; sample volume, 100 mL) at room temperature show that the sorption increases with the contact time and reaches its limiting values at a time interval of 8 min ( Fig. S2) . Thus, systematic studies on the sorption behavior of Cd(II) have been made so as to examine the applicability of different sorption isotherms ( where, qe(t) is the theoretical estimate for the corresponding qe, and n is the number of observations for the goodness-of-fit. The parameters for batch experiment are given in Table S2 . Column method. Column chromatograhy is an effective method for sample clean up through selective separation and preconcentration to retrieve an analyte. 11, 12 Adsorption studies insist to tell us to find out the column chromatographic conditions for the selective extraction of Cd(II) from a sample of large volume, and having natural interferences and its selective elution with the help of an eluent of minimum possible volume to retrieve in an enriched state without any damage to the ion-exchange material. First, 1 g of dry exchanger was taken into a glass column so as to achieve a bed height of 2.5 cm. An aliquot containing 10 mM of Cd(II) in a buffer solution was continuously passed through the column at a flow rate of 5 -8 mL min -1 at 25 C over the range of pH 4.0 -8.5 until its quantitative extraction. After extraction, Cd(II) was stripped with 0.1 M HNO3 in several fractions (2 mL in each), and the amount of Cd(II) from each fraction was determined complexometrically. 43 
Effect of column pH on sorption
The pH seems to be the most important parameter in the metal sorption process (i.e., sorption = function of solution pH): the pH affects the solution chemistry of the metals, 44 and the activity of the functional groups in the ion-exchange material as well. 11, 12 As a result the interaction of metallic ions with the active sites of the exchanger is a function of the solution pH. [6] [7] [8] [9] Thus, systematic studies on the sorption of Cd(II) (10 mM) over the range of pH 5 -8.75 have been made to find out the required selective condition for its quantitative extraction.
After extraction, Cd(II) was stripped with 6 mL 0.1 M HNO3, and its amount was determined complexometrically.
Break-through capacity (BTC) and preconcentration factor (PF).
In solid-phase extraction, the break through capacity (BTC) and preconcentration factor (PF) of an ion-exchange material have a huge implication for sample cleaning. Thus, both these parameters are studied for FSG-PAN with respect to Cd(II). The pH of the sorption bed (1 g FSG-PAN) and Cd(II) solution (10 mM) was adjusted to pH 7.75 -8.5. The influent, a Cd(II) solution, was passed through the column until its saturation at a flow-rate of 2.0 mL min -1 (40 -45 drops min -1 ). The effluent (i.e., the column outlet solution) was collected for the respective influent, and the amount of Cd(II) was estimated. The relationship between the volume of the effluent (mL) vs. C/C0 (where C and C0 are the concentrations of effluent and influent, respectively) gives the maximum uptake capacity (i.e., the break-through point) of Cd(II) at room temperature, and other prevailing conditions of the experimental set up. Systematic studies on BTC as a function of (molecular weight of FSG-X's), a function of (amount of functional groups present in FSG-X's) and a function of (amount HOMO/LUMO of FSG-X's) have been made to find a linear relationship (Table S3 ). After attaining the break-through point, Cd (II) was retrieved by an eluent of small volume (Veluent) so as to have the analyte in its enriched state. The preconcentration factor (PF = Cf /Ci; where,
Recovery × × (%) was determined to assess the applicability of the extractor.
Systematic studies for the sorption of both Cd(II) and Tl(I).
Single-crystal XRD analysis was beyond our scope, since the synthesized ion-exchanger was a high-molecular-mass polymerized material containing amorphous silica gel. To have the three dimensional structure and its hard-soft character, density functional investigations were performed (File S3). DFT generates spatially well-separated HOMO-LUMO, which may extract metal ions by the donation/back donation process.
To investigate the sorption of both high and low oxidation states, the ion-exchange material (FSG-PAN) was fully saturated with Cd(II) (918 μmol g -1 ), a cation which is stable in its high oxidation state (E0(Cd 2+ /Cd): -0.402 V) at a pH of 7.75 -8.5. Followed by an aliquot containing 12 mL of Tl(I) (10 -2 M), a species of low-oxidation state (stable in presence of Cd(II)) in 20 mL hexamine buffer (pH 7.75 -8.5) was passed through the column continuously to reach the saturation point (120 μmol g -1 ) (File S5).
Results and Discussion
Elucidation of composition Amorphous SG appears to contain 44 
The mass of the moiety attached to the {Si[OSi]p=2-4[OH]m=2-0}n-[-Si]4 framework is 1593. An "n" value of 12 was found to account for the weight loss by 5.91%. This generates, x (molecular water) and y (physically sorbed water) values of 0.81 and 51, respectively, at p = 4 and m = 0. This confirms the molecular composition of the extractor as being
) having the molecular weight, MFSG-PAN= 4227.4. Thus, 1 g of the resin will generate 10 6 /4227.4 = 236.5 μmol of HOMO or LUMO. Therefore, a 1-g extractor in its HOMO level would be able to absorb a maximum of 236 μmol of a monomeric metal-ion species; for a tetramer the value would be 946 μmol g -1 .
Comparing the TGA curves of FSG-PAN-Cd(II) (weight loss: 8.0356%) and FSG-PAN (weight loss: 5.91%) in the range of the temperature 120 -900 C (Fig. S1) , the difference in the weight loss viz. 2.13% has been correlated with the conversion of the sorbed Cd(II)-species to inorganic ash containing oxide of Cd(II). The said weight loss indicates the weight of the sorbed species to be 589.64 (Eq. (1)), which can be rationalized by considering a tetrameric cadmium complex namely [Cd4(OH)4(H2O)4] 4+ as the sorbed species.
Between the temperature range of 120 -900 C, the weight loss for FSG-PAN containing both Cd(II) and Tl(I) was found to be 4.77% (Fig. S1 ). This corresponds to a weight loss ( (Table S4 ). Both the pure extractor and its loaded form (containing both Cd(II) and Tl(I)) gave a broad peak at 2θ = 22.18 and 23.38, respectively, in the XRD pattern ( Fig. S4(c -e) ), which suggests the absence of long range ordering of any kind within the molecular network of the extractor/loaded extractor. FSG-PAN retains the amorphous identity of its precursor (SG: 2θ = 22.0) ( Fig. S4d ) as the reactions (Steps D -F, Scheme 1) take place at the outer surface of the silica core, {(SiO2)n-O-}4 as per the suggested reaction path (Scheme 1). The sorption of metal ions has no, or little, influence since it occurs at the azo-dye part of FSG-PAN, placed outside of the silica core. Surface morphology, particle sizes and material properties have been assessed by SEM, TEM and BET analysis. SEM images ( Fig. S5(a, b) ) of both the loaded and unloaded FSG-PAN show that the materials are found to be porous in nature, and the particle sizes (2 × 10 8 pm) are of the same order. The sizes of these particles are close and compatible to pure SG particles (10 8 pm: 60 -120 mesh possess 100 (average) particles cm -1 ). The surface of pure FSG-PAN was found to be much cleaner than FSG-PAN-Cd(II) ( Fig. S6(a, b) ). A TEM image (Fig. S5c) of the corresponding nanomaterial also confirms that the size of the particles (12 -17 nm) is not much changed from its precursor (SG particles: 10 nm). Usually, SiMe2Cl2 amid SG enhances the size of FSG through its cross linking (silanization). 10, 13 However here, being sandwiched between SG and NA, it simply acts as a bridging component (Scheme 1), and becomes unable to promote catenation any further. This suggests that, as an end-capping agent, NA very efficiently impedes the process of cross linking. The material is mesoporous (width 4.70 nm and diameter 4.62 nm) in nature. At P/P0 0 -1.0, it possesses a high BET surface area of 374.05 m 2 g -1 (Fig. S5d) and a t-plot micropore volume of 0.02 mL g -1 (File S6). TGA analysis suggests that FSG-PAN contains a considerable amount of water in its molecular network, and that sorbed water molecules (y × H2O/M g -1 ) would be equivalent to a pore volume of (51 × 18/4227.38 mL g -1 ) 0.21716 mL. It attains 50% of the experimental BET values (pore volume = 0.43 mL g -1 ; File S6). This clearly indicates that all of the pores can not afford the intake of water, owing to their variable sizes.
The most intense bands of the experimental FT-IR ( Fig. S7 ) and Raman ( Fig. S8(a, b) ) spectra of FSG-PAN, together with the proposed peak assignments are summarized in Table S5 . (Fig. 1b ) of the nano material in DMSO-d6 clearly confirm the composition of FSG. The 1 H (400 Mz) ( Fig. 2a ) and 13 C (100 Mz) ( Fig. 2b ) NMR of nano FSG-PAN in the solution phase in the same solvent confirm the presence of 13 ArH, 6 aliphatic H (6H, bs, CH3: 2.406 -2.453 δ (ppm)), one NH proton (3.379 δ (ppm)), 19 ArC (121.01 -147.77) (shortage of 2C probably due to symmetry constrains) and 2 aliphatic C (s, 19.95). The solid-phase 13 C NMR of the normal sized material also confirms the composition of FSG-PAN (along with the 12 good intense peaks [∂: 60 -150] it contains 9 other small intense peaks for aromatic carbons; it also contains one peak for aliphatic carbon [∂: 0.00 for two CH3 group attached to silicon]) ( Fig. 2c ). Compared to the results of solid-phase NMR studies, the results obtained for the nano material in DMSO-d6 give more insight to rationalize the molecular signature.
On the basis of sophisticated sets of experimental findings (TGA, EDX, XRD), the composition of FSG-PAN was found to be The FT-IR, NMR analysis confirmed the 2D structure of the material (Fig. 3a) .
The extractor was synthesized from amorphous silica gel. So, as an alternative to single-crystal XRD reliable density functional theory (DFT) calculation was performed so as to achieve the 3D structural configuration of the synthesized material. For the DFT calculation, both the silica clusture (containing {Si[OSi]4·0.81H2O}n=12}) and a molecule containing only one silica has been considered. These computations have been made to get insight the effects of silicon atoms (inside the unit cell) on the chemical behavior of the extractor. The reliable DFT calculations reiterate the structural identity and its three-dimensional molecular geometry (Fig. 3b ). The density functional electronic structure theory has been used as an adjunct to the experimental work to go insight the selectivity of ion-exchange material for a specific metal center. 45 All of the DFT calculations 46 were made by using the 6 -31G basis set with a B3LYP/6 hybrid function so as to have the energy and position of HOMO-LUMO ( Fig. S9(a -d) and S10(a -d)) of FSG-PAN in its optimized condition. Its global hardness (ηFSG-PAN = 1.73 eV and ηFSG-PAN = 1.31 eV for the molecule, respectively, containing one and twelve Si atoms) was calculated from HOMO-LUMO band gap. 23 Here, four PAN moieties are located at the tetrahedral corners (2nd, 3rd, 4th and 5th O for a molecule containing one central Si and 13th, 15th, 16th and 18th for the molecule containing 12 Si) through the linker, -Si(Me2)NH-C6H6-N=N-. Frontier orbitals for both of the DFT optimized molecules are spatially well separated, and their chemical behavior with respect to the global hardness (the cardinal index of the molecule) was found to be compatible. HOMO and LUMO, being present at two different spatial locations of the tetrahedra, revolve around the central silica core (Figs. S9 and S10); thereby, they increase the lifetime of the ejected photoelectron. The computed FT-IR/Raman spectra of FSG-PAN are shown in Fig. S8(c, d) .
The predicted B3LYP/6 -31G(d) frequencies are in consistently good agreement with the experimental FT-IR/Raman. 13 C NMR of DFT optimized extractor (Fig. S11) shows 21 major peaks for 84 aromatic carbons, and another one for 8 aliphatic carbons (δ(ppm): 9.24). 1 H NMR (Fig. S12) (DFT analysis) also shows six major signals for 24 aliphatic H, four -NH protons, two major signals for four -OH (phenolic), 13 major signals for 52 ArH, thereby confirming the presence of 4 identical groups located at the 4 edges of the tetrahedron (Fig. 3b ). UV-vis spectra (2 major peaks at 699.4 and 432.2 nm) ( Fig. S13a ) obtained from TDDFT calculations of FSG-PAN are highly compatible with the experimental UV-vis spectral features ( Fig. S13b(i, ii) ) (2 major peaks at 580 and 449 nm). The presence of both HOMO and LUMO side-by-side in the same molecule with a clean demarcation ( Fig. S14(a -d) ) makes it a promising donor-acceptor organic electronic device by intramolecular charge/hole transfer, also. It needs to be mentioned that HOMO-LUMO is not well-separated in the building units of FSG-PAN ( Fig. S14(a -c) ). However, in the course of their gradual attachment, HOMO remains unmoved at the linker, but LUMO is gradually shifted from the SG part to the dye moiety ( Fig. S14(d -h) ), and finally in the resin (Figs. S9 and S10) HOMO-LUMO becomes well separated. Thus, both the charge and hole are transferred as per Scheme S1a, 47, 48 rather than Scheme S1b (suggests a high chance of charge recombination), 49 to their HOMO-LUMO band gap ( Fig. S14(d -h) ). The experimental UV-vis spectral positions ( Fig. S13b(i, ii) ) are nearly compatible with these DFT results (4.53, 3.46, 2.16, 1.33, 2.78, 1.32 eV) (Table S6) . Analytical performances of the extractor (FSG-PAN) . The synthesized inorganic organic hybrid material possesses two kinds of fascinating properties: (i) a luminescent character and (ii) metal-extracting abilities; particularly by utilizing its spatially well-separated HOMO-LUMO for the simultaneous binding of metal ions at its high and low oxidation states. Luminescent character. The corresponding nano FSG-PAN in DMSO in the concentration range of 0.625 × 10 -6 -5 × 10 -5 M, upon excitation at 330 nm, shows strong fluorescence at 408 nm, with an intensity of 180 -690 units (Fig. 4(a) ). The -NH proton adjacent to the aromatic ring of the material has strong fluoride binding abilities, 33, 34, [38] [39] [40] [41] which affect the luminescent intensity of the material.
It has been utilized for trace-level (1.8 × 10 -6 -7.2 × 10 -6 M) sensing of fluoride amid several other cations and anions (Na(I), K(I), As(V), Fe(II), Zn(II), Cd(II), Hg(II), Cu(II), Bi(III), Tl(I), Co(II), Ni(II), Mn(II), Th(IV), Ce(IV), Zr(IV), Cl -, Br -, I -, NO3 -, CO3 2-) in their natural contamination concentrations (10 -20 ppm) ( Fig. 4(b) ). A concentration of 0.625 × 10 -6 M of the probe with the least fluorescent intensity (180 units) was used as a control. The fluorescence intensity was found to be increasing with an increase in the fluoride concentration. The fluorescence intensity of the fluoride reacted with the sample at the smallest fluoride concentration, 1.8 × 10 -6 M (at 408 nm), and was found to be 280 units, appreciably higher (56%) than the probe control (180 units). This luminescent intensity is not affected by the presence of common contaminants (anions and cations, mentioned above) in the range of their natural contamination concentrations, which clearly suggests the effectiveness of the method. The analytical applicability and utility of the developed method was judged by trace-level sensing of fluoride in a living cyan bacterium cell (a natural fluoride absorber) in vivo (cell preparation: File S4). The recognition of fluoride (at its very trace level, 1.8 × 10 -6 M) was sensitized by an instantaneous yellow fluorescence, glitters on a red-colored area achieved after staining with probe (nano-FSG-PAN), inside the living cell ( Fig. 5(b, c) ). The disappearance of the -NH proton (∂ = 3.379) in the NMR spectra of the fluoride-reacted sample gave a clear verdict concerning its involvement in fluoride uptake ( Fig. 5(a) ). After releasing its -NH proton, the probe becomes more electron rich; also a more feasible n→π* intramolecular charge transfer transition (ICT) in this fluoride reacted species (mechanistic path is shown in inset in Fig. 4(b) ) enhances the fluorescence intensity. 34 Adsorption isotherms. Plot of Ce (μmol g -1 ) vs. Ce/qe (g mL -1 ) and log Ce (mM) vs. log qe (μmol g -1 ) give two linear relationships (y = 7.784 × 10 -4 x + 2.8061; R 2 = 0.99535; SD = 0.051 and y = 0.82425x + 0.00958; R 2 = 0.98096; SD = 0.03191) (Fig. S3) . These relationships show their applicability for both Langmuir and Freundlich isotherms. However, the higher correlation coefficient (R 2 ) and lower RMSE value (Table S2) suggest that the Langmuir model is more acceptable over the other one, and consequently denies the formation of multilayers by gradual sorption of the analyte (Freundlich) on the adsorbent surface. Here, the adsorbates become adsorbed on the surface of the exchanger, owing to the somewhat chemical nature of the binding with a high Langmuir energy parameter (b: 445.46 L mg -1 ). The maximum monolayer sorption capacity (Q0: 970.87 μmol g -1 ) is highly compatible with the calculated TGA values of 946.21 μmol g -1 for the saturation of HOMO by the tetramer of Cd(II), [Cd4(OH)4(H2O)4] 4+ . Effect of pH on extraction of Cd(II). Systematic studies on SP extraction show that an increase in the solution pH sorption of Cd(II) increased and ensured its quantitative sorption over the range of pH 7.75 -8.5 (Fig. S15a) . Thus, pH of the sorption bed (1 g FSG-PAN) and Cd(II) solution (10 mM) was adjusted to pH 8.0 with a 0.1 M NH4Cl + NH3 buffer. The retention of Cd(II) was found to be remain the same up to an influent flowrate of 5 mL min -1 . The influent (Cd(II) solution (10 mM)) was passed through a column containing the sorbent at a flow-rate of 2.0 mL min -1 (40 -45 drops min -1 ). It was found that the leakage of Cd(II) started after passing 91.8 mL (918 μmol) of a metal-ion solution (Fig. S16) . It attained the break-through capacity (BTC) of FSG-PAN at 918 μmol g -1 . Similar types of relationships were found concerning the effect of the pH on both the extraction and conductance measurements (Fig. S15b ). There is a gradual rise at the initial part, a sharp sigmoid jump at an interval of pH 7.25 -7.75, followed by a little rise up to 8.5, and finally a sharp drop beyond pH 8.5. The pHconductance-time relationship reveals three different classes of metal ion species present at three different intervals of the pH 5.0 -7.25, 7.25 -8.5 and pH >8.5.
Among them, [Cd4(OH)4(H2O)2] 4+ (as suggested by TGA, DFT and EDX) generates at a pH of 7.25, and its population becomes enhanced up to pH 8.5, and exhibits the highest affinity towards the exchange site.
The optimized structure of FSG-PAN containing this [Cd4(OH)4(H2O)2] 4+ -species is shown in Fig. 6a . Beyond pH 8.5, the metal ion becomes hydrolyzed, and the extraction drops rapidly. At a low pH, difficult deprotonation of the -OH moiety (exchange site) and the dissolution of Cd(II) prevent the chelate formation, and shifts the equilibrium (Eq. (3) ) towards the left.
Systematic studies on elution (back extraction) with different acids of several concentrations (Table S7 and Fig. S15c ) reveal that 0.1 M HNO3 is the best eluent (required volume is at least: 6.0 mL and the column efficiency is best, N = 237 (Eq. (4))). 9 To investigate the chemical stability and reusability, the resin (FSG-PAN) was treated with different solvents (like DMSO, toluene, acetonitrile) and acids (like HNO3: 8 M, H2SO4: 6 M, HCl: 6 M), and subsequently it was thoroughly cleaned with distilled water. The sorption and desorption cycles were repeated 900 -1000 times with the same adsorbent material, and BTC was found to be decreased by only 1.0 ± 0.2%. 
where, y = distance for peak elution and W0.6065 = width at 0.6065 times of the peak height ( Fig. S15c) .
Effect of volume and concentration on extraction of Cd(II). The preconcentration factor (PF) is an important analytical parameter. It depends on the recovery and analyte the volume. These two parameters have an inverse relationship on PF. This necessitates its optimization with respect to these two variables. Systematic studies on the effect of the volume on the recovery give two linear segments (y = 99.43 + (-0.0029)x and y = 255.08 + (-0.1345)x) ( Fig. S15d) intersecting at an influent volume of 1200 mL. Up to an analyte volume of 1200 mL, the recovery was quantitative (>95%). After that the second desorption efficiency (K 2 desorption: 13.45 × 10 -2 > K 1 desorption: 0.29 × 10 -2 ) was very high. We now turn our attention on PF (PF = Cf /Ci; where,
, which is the product of the ratio of concentrations and the recovery of the analyte. Initially, PF rises with an increase in the influent volume, but beyond a certain volume (1200 mL) it diminishes because of the dominance of the second term (Table 1) , which takes care of the volume effect. 9 The ion-exchange material by its preconcentration was able to clean up analyte samples in the range of concentration, 5.6 × 10 2 -0.35 × 10 2 mM with a good enrichment factor, optimized at 192 (Table 1) .
Simultaneous sorption of both the high and low oxidation state.
FSG-PAN binds Cd(II) (Fig. 6b ) to saturate its HOMO and attains the BTC 918 μmol g -1 at pH 8.5. This BTC value agrees both the TGA (946 μmol g -1 ) and Langmuir Q0 value, 971 μmol g -1 (Fig. S3 ). FSG-PAN thus attains the BTC value at 945 μmol g -1 (i.e., average of 918, 946 and 971 μmol g -1 ). It shows the sorption ratio, HOMOexchanger:Cd(II) = 1:4, and agrees with the UV-vis spectral features (Fig. S17) . Here, the maxima at 440.7 nm for a pure exchanger has been totally removed at a mole ratio of 1:4 = exchanger:Cd(II). This ratio forces to exists a tetramer, [Cd4(OH)4(aq)4] 4+ , and indeed, it is the species present at equilibrium at this pH. 50 During sorption, this equilibrium is possibly shifted to right. DFT suggests rupturing of the hexamer to stabilize as a tetramer (Fig. S18(a) ). Raman peaks at 748.2 and 898.7 cm -1 (Fig. S4(a, b) ) indicate the presence of a Cd-O-Cd linkage, 51 and confirms the tetramer, [Cd4(OH)4(aq)4] 4+ , too. At high pH, a deprotonated extractor generates more electron rich HOMO to make an interaction with LUMO ( Fig. S18d ) of the tetramer. At saturation, the HOMO is totally blocked with Cd(II). This forces Tl(I) to move towards electron-deficient LUMO (Fig. S10 ) for its synergistic attachment (BTC: 120 μmol g -1 ; compatible to TGA) ( Fig. 6b , File S5) in the presence of a stable and poor oxidizer (E0(Cd 2+ / Cd): -0.402 V). The presence of Tl(I) is well assessed File S5). The behavior was also tested with Zn(II)-Tl(I), Hg(II)-Tl(I) and Ti(IV)-Tl(I) pair and the results (BTC: 232, 228 and 460 μmol g -1 , respectively, for Zn(II), Hg(II) and Ti(IV) along with 120 -128 μmol g -1 of Tl(I)) agree with the simultaneous sorption abilities for high and low oxidation states (HLOS) of the extractor at its respective HOMO-LUMO for saturation.
Here, under the prevailing condition for extraction (pH 6.5; [Zn(II)], [Hg(II)] and [Ti(IV)], 10 -2 M), Zn(II) and Hg(II) exist as a monomer, 43 while Ti(IV) is reported to exist as a dimeric species. 52 The BTC for metal ions (Cd(II), Zn(II), Hg(II) Ti(IV) and Tl(I)) with different FSG-X's (Table S3 ) was found to be an integer values of HOMO/LUMO (i.e., q × 236.6 μmol g -1 , where q reveals the state of metal ion as being mono, di, trimmer etc.). Thus, the number and nature of the exchange sites (e.g., phenolic -OH, pyridyl -N, -NH2, -COOH etc.) are not the determining parameter for BTC, but it shows that the amount of HOMO/LUMO values is a definite quantum-mechanical descriptor of BTC. That is, quantitatively the state of metal = function of (BTC) and BTC = function of (HOMO or LUMO value g -1 ). In reverse sequence for sorption, Tl(I) is poorly sorbed (10 -12 μmol g -1 ) ( Table 2 ). Without Cd(II), LUMO is less electropositive, and its rapid change in position (Fig. 3) results a sluggish sorption. The volume-recovery relationship (Fig. S15d) gives two linear segments. It yields two desorption constants (K 2 desorption: 13.45 × 10 -2 > K 1 desorption: 0.29 × 10 -2 ), and PF (192) becomes optimized (Table 1) at their point of intersection, while exploiting the sorption/desorption protocol (large (1200 mL) to small volume (6 mL) ( Table 1) for sample clean up). 9 Effectiveness and utility of the proposed method.
The effectiveness and utilities of the synthesized material (FSG-PAN) were judged with respect to other matrices (Table S8 ). 22, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] Most of the earlier synthesis required complicated steps with stringent reaction conditions (like refluxing: 24 -90 h, starring, very high or low temperature, repetitive filtrations, inert atmosphere, vacuum, costly and hazardous chemicals). 11, 17, 22 Moreover, the cross-linking activity of bridging component increases the size of earlier used FSG-X, and their surface activities were turned down to a moderate level. 11 In the present work, the feasibility of the material with respect to the preconcentration factor (PF: 192) and the break-through capacity (Cd(II): 918, Zn(II): 232, Hg(II): 228, Ti(IV): 460, Tl(II): 120 μmol g -1 ) were found to be good (Table S3 ). Thus, in comparison to other matrices (Table S8 ) with respect to its mode of synthesis (i.e., 90 -120 h continuous refluxing required in earlier synthesis has been converted to 1 h/without refluxing), the material properties (high SABET: 374 m 2 g -1 ; chemical stability: up to 8 M HNO3, mesoporous, reusable for more than 1000 cycles) ( Fig. S19 ) and mode of sorption 67 (enhancement of sorption by introducing a second BTC at LUMO level (achieved by Tl(I), low oxidation state) along with HOMOsorption (classical BTC, achieved by Cd(II))), the present extractor FSG-PAN (functionalized with azo-dye) was found to be excellent.
Conclusions
In summary, we herein are reporting for the first time on the following three aspects: (1) A new mode of synthesis of excellence for this kind of resin (FSG-PAN) (yield: 99%; time: 1 h; at room temperature; without any refluxing) and it differs from the reported process (exhaustive refluxing: 90 -120 h). [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The composition ({Si[OSi]p=2-4[OH]m=2-0}n=12[-Si(CH3)2-NH-C6H4-N=N-PAN]4), structure (tetrahedral) and physicochemical properties [mesoporous material having high SABET (374.45 m 2 g -1 ) as well as chemical stability (up to 6 M HNO3; 8 M HCl; 6 M H2SO4] of the extractor have been well assessed. (2) A new kind of reaction occurs, whereby the material uniquely binds two different metal centers (Cd(II) and Tl(I)) in their HLOS simultaneously at its respective HOMO and LUMO, residing at two different spatial locations (Scheme 2a). Thereby, it differs from the existing mode of reaction reported until now (Scheme 2b). 68 Two different BTC values for metal ions in their HLOS may be obtained when HOMO and LUMO are at two different spatial locations. Here, BTC for the HOMO level is sufficiently high (918 -970.8 μmol g -1 ), with Tl(I) being attached as a monomer the LUMO value turned down to a moderated level (120 μmol g -1 ). (3) A general form of quantitative equation for BTC (= q ×[HOMO or LUMO] μmol g -1 , where q reveals the state of metal ion sorbed as mono, di, trimmer etc.) has been established. Thereby, the sorbed state of metal can easily be assessed. In addition to the above triad, noticeable features are included: i) At different time intervals both HOMO and LUMO, initially present at two different edges of the tetrahedra, prefer to change their positions. They rather do this instead of residing at the same edge of the tetrahedra or overlapping each other, and thereby may increase the lifetime of the ejected photoelectron. In near future this will be taken into consideration. ii) TGA was found to be sufficient to elucidate the composition of this kind of material. iii) The corresponding nanomaterial gave well characterized NMR signals in the solution phase and its signature was found to be compatible with the NMR in the solid phase. This ruled out any need of the solid phase NMR. iv) Nano FSG-PAN is an excellent fluoride sensor at the trace level (1.8 × 10 -6 -7.2 × 10 -6 M) in a sample of natural interference: (Na(I), K(I), As(V), Fe(II), Zn(II), Cd(II), Hg(II), Cu(II), Bi(III), Tl(I), Co(II), Ni(II), Mn(II), Th(IV), Ce(IV), Zr(IV), Cl -, Br -, I -, NO3 -, CO3 2-).
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